Translation of non-clinical markers of delayed ventricular repolarization to clinical prolongation of the QT interval corrected for heart rate (QTc) (a biomarker for torsades de pointes proarrhythmia) remains an issue in drug discovery and regulatory evaluations. We retrospectively analysed 150 drug applications in a US Food and Drug Administration database to determine the utility of established non-clinical in vitro IKr current human ether-à-go-go-related gene (hERG), action potential duration (APD) and in vivo (QTc) repolarization assays to detect and predict clinical QTc prolongation.
Introduction
Drug-induced delayed ventricular repolarization, manifested as prolongation of the QT interval on the ECG, remains a serious safety issue in drug discovery and development because of its link to a rare but potentially lethal arrhythmia, known as torsade de pointes (TdP, Kannankeril et al., 2010) . The need to detect and prevent this proarrhythmic liability has led to the development and adoption of multiple nonclinical and clinical approaches during drug discovery and development to assess delayed repolarization, a surrogate marker of proarrhythmic risk.
Regarding non-clinical evaluations, it is well appreciated that inhibition of the delayed rectifier current I Kr that flows through an ion channel encoded by human ether-à-go-gorelated gene (hERG, also known as KCNH2, K v 11.1) can delay ventricular repolarization and prolong the QT interval. This current plays a prominent role in defining ventricular repolarization (Rampe and Brown, 2013) , and because of the channel structure and drug-binding characteristics, is frequently used early in drug discovery to screen novel chemical entities prior to testing in vivo Valentin et al., 2010) . However, it is also appreciated that ventricular repolarization represents the integrated response of several cardiac currents (O'Hara et al., 2011) and that drugs can reduce many different cardiac currents to generate responses that are not easily predicted based on hERG block alone (Kramer et al., 2013) . Another recognized in vitro experimental approach involves monitoring repolarization, measured as prolongation of the action potential duration (APD), with ventricular tissues and cells from various species (Lawrence et al., 2008) . It is also possible to directly evaluate QT interval prolongation in larger mammalian species in vivo (Leishman et al., 2012) . The non-clinical International Conference on Harmonization (ICH) S7B guideline (Anonymous, 2005b) identified the I Kr /hERG current assay and the in vivo evaluation of duration of the QT interval corrected for heart rate (QTc) interval as key components to be considered in regulatory submissions for assessing the potential of a drug to delay ventricular repolarization.
Clinically, the ICH E14 guidance (Anonymous, 2005a ) describes a rigorous approach to assess the potential of a drug to delay ventricular repolarization as defined in so-called thorough QT (TQT) studies. Arguably, TQT studies have become the present 'gold standard' surrogate marker for detecting drug-induced delayed repolarization. Despite widespread acceptance of many non-clinical approaches used to detect or predict clinical QTc prolongation, only a few studies have characterized the utility and performance of these non-clinical approaches. Such studies are limited in that they have studied small numbers of drugs (Wallis, 2010) or included only one of the three widely used nonclinical approaches (Gintant, 2011; Ewart et al., 2014) compared with clinical findings.
Since implementation of the ICH S7B and E14 guidance documents in 2005, numerous drug dossiers submitted to the Food and Drug Administration (FDA) for regulatory review in support of Investigational New Drug and New Drug Applications have typically included non-clinical repolarization studies and clinical TQT study results. This extensive regulatory data set (which included non-clinical repolarization and clinical TQT study results) provided an opportunity to rigorously compare non-clinical and clinical assessments of delayed repolarization. Towards this goal, the Health and Environmental Sciences Institute Proarrhythmia Working Group collaborated closely with the FDA as part of a public-private-government consortium described previously (Trepakova et al., 2009) .
Diagnostic and prognostic performance of these three non-clinical assays was characterized based on sensitivity and specificity, concordance, positive (PPVs) and negative predictive values (NPVs), receiver operating characteristic (ROC) curves and likelihood ratios (LRs), all of which are widely used in biomarker research.
Methods

Database description
The database consisted of 150 Investigational New Drug and New Drug Applications submitted between 1 March 2006 and 7 July 2012. Inclusion criteria included at least one non-clinical assessment of repolarization, and either clinical TQT study results or clinical QT prolongation in either non-TQT studies or FDA QT Interdisciplinary Review Team (IRT) review summaries. QT-prolonging drugs without TQT studies were included in the database as assay sensitivity was demonstrated by positive clinical findings. Biological products or combination drugs were excluded from this analysis. Out of the 150 drugs in the database, 13.3%, of drugs came from the FDA neurology division, 12.0% from antivirals, 11.3% from metabolic and endocrine and 10.7% from cardiovascular and renal. The remaining divisions represent less than 10% each and are shown in the Supporting Information. Additional characteristics of the database along with specific details regarding each assay are provided in the Supporting Information Table S2 .
The following information was collected from each submission: FDA application number, approval status and division, clinical QT correction methodology, drug plasma protein binding in relevant species, study doses, study design, study initiation dates and study results. When multiple studies were reported for the same non-clinical assay (i.e. preliminary vs. definitive good laboratory practice hERG assays), only good laboratory practice study results were included. Metabolite data were not included for any of the compounds in this analysis. Drug identities were blinded, and data were anonymized to preserve proprietary information to consortium colleagues not employed by the FDA. This allowed researchers to access the data, enabling an unbiased comparison of matched concentration-response effects from using composite graphs (plotting non-clinical and clinical data) and associated concordance tables while remaining blinded to drug identities.
This retrospective study evaluated in vitro and in vivo nonclinical experimental data previously submitted to the FDA to support regulatory approvals from 2006 to 2012, originated from different laboratories across many years. Some data may not adhere to current standards set out in the Declaration of Transparency and Scientific Rigour of the BJP but are considered to represent accepted best practices at the time of submissions.
Comparing assay results based on free drug concentrations
Results from non-clinical studies and clinical TQT study findings were compared based on the clinical reference concentration (CRC), defined as the highest mean free C max achieved for TQT-negative drugs (ÀTQT studies) or the lowest mean free C max showing QT prolongation (+TQT studies). Thus, non-clinical concentration-response curves were constructed based on exposure multiples relative to the CRC. Nominal drug concentrations were used to characterize hERG and APD assay results (conducted in the absence of plasma proteins). When only a range of concentrations was provided without specific test concentrations (e.g. 1-100 μM), minimum and maximum test concentrations were used. For in vivo QTc and clinical TQT studies, free (unbound) maximum drug concentrations in plasma, or plasma concentrations near time at which plasma drug concentration is maximal were used. When C max measurements were not available from in vivo QTc assays, estimations of C max were obtained from pharmacokinetic or toxicokinetic studies in the same species using the same or similar dose levels. If doses differed between the in vivo QTc and pharmacokinetic/toxicokinetic studies, C max was estimated by assuming a linear dose-pharmacokinetic relationship. Free drug plasma concentrations from in vivo QTc and clinical TQT studies were based on measured plasma concentrations and adjusted for plasma protein binding in the relevant species (assuming a linear relationship between binding values for non-clinical species and human studies). An arithmetic mean was used when a range of plasma protein binding values was provided by the sponsor.
Dichotomous endpoints for assays and concordance assessments
For the hERG assay, a positive response was defined as concentrations ≥IC 50 value for I Kr block (half maximal inhibitory concentration). While it has been suggested that IC 10 or IC 20 values for I Kr block may provide a more sensitive measure for predicting QTc effects (Wallis, 2010), these were not used as they are subject to high variability and were not typically reported by sponsors.
For the APD assay, the primary endpoint was the absolute change in APD at 90% repolarization from baseline control values, and a positive response was defined by the sponsor's claim of a significant drug-related effect. If a drug's response was expressed as 'no effect' instead of a numerical value, the response was marked as 0%.
The maximum, baseline-adjusted and vehicle-adjusted (ΔΔ)QTc (ms) was used as the primary response endpoint for human TQT studies and maximum, baseline-adjusted (Δ)QTc (ms) for in vivo QTc studies (Anonymous, 2005a; Darpo, 2010; Stockbridge et al., 2012; Darpo, 2015) . A positive response in the in vivo QTc assay was defined by the sponsor's claim of a significant drug-related effect. For clinical TQT studies, a positive response (+TQT study) was defined using ICH E14 criteria. Specifically, a positive effect was one where either the upper 95% confidence interval or two-sided 90% of mean (ΔΔ)QTc ≥ 10 ms (Anonymous, 2005a; Garnett et al., 2012; Stockbridge et al., 2012) . The FDA QT-IRT analysed TQT study results and determined the most appropriate correction methodology based on statistical outcomes. The FDA QT-IRT most often used the Fridericia correction method for QTc values, whereas sponsors used Fridericia, individual or sponsor-specific correction methods. In some cases, exposure-response modelling was used to interpret equivocal findings (Garnett et al., 2008) .
For each drug, a standardized composite exposure-response template was constructed to display study results based on multiples of the free CRC (Figure 1 ). All assay results were plotted with SEMs (non-clinical) or confidence intervals (clinical) applied to responses where appropriate. This template supported construction of a summary concordance table (Figure 1 lower panel) Concordance was evaluated by comparing positive or negative results in nonclinical studies to clinical TQT study outcomes at CRC multiples ranging from 0.1× to 1000×. For example, if the TQT study result was positive at the 1× CRC, a positive hERG study finding between 10× and 30× multiple was considered concordant at multiples of 30× and higher and discordant (false negative) at concentration multiples of 10× and less ( Figure 1 ). As a second example, if a TQT study did not show QTc prolongation at the CRC but a significant increase in QTc was reported at the highest dose of the in vivo QTc assay (i.e. at 30× of the CRC), then the in vivo QTc assay was considered concordant (true negative) at concentration multiples of 10× and less and discordant (false positive) at concentration multiples of 30× and above.
Evaluating sensitivity, specificity, concordance, positive and negative predictive values and likelihood ratios
The sensitivity, specificity and overall concordance of hERG, APD and in vivo QTc assays were calculated across CRC multiples. Sensitivity represents the proportion of drugs testing positive in the TQT that were correctly identified in the non-clinical assays. Specificity represents the proportion of drugs testing negative in the TQT that were correctly identified in the non-clinical assays (Altman and Bland, 1994a; Loong, 2003) . The concordance defines how well model results agree with clinical outcomes. Equations used for calculating all performance parameters are summarized in the Supporting Information.
Predictive values are useful in describing the ability to prospectively describe a clinical result based on non-clinical findings. PPVs and NPVs were calculated at multiples of the CRC to express the probability that a non-clinical model correctly predicted the outcome of a clinical TQT study. As PPV and NPV are dependent on the prevalence of true positive results (Altman and Bland, 1994b; Loong, 2003) , their values were adjusted based on the proportion of positive clinical TQT studies in the complete data set (29%, see below).
LRs were also calculated at multiples of the CRC. LRs characterize the ability of an assay to improve the probability of a prediction or diagnosis, thus providing a meaningful influence on test accuracy. LRs are independent of the prevalence of the measured event, a particularly important benefit for low-incidence events.
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Receiver operating characteristic curve analysis and Youden's J statistic To assess the predictive accuracy of the non-clinical assays, ROC curves were generated by plotting sensitivity against (1-specificity) at the different CRC exposure multiples tested (Hanley and McNeil, 1982) . Quantitative measures of ROC curve were assessed as the AUC calculated using SAS statistical software (SAS, 2008) . The accuracy of a diagnostic test is defined as excellent (0.90-1.0), good (0.80-0.90), fair (0.70-0.80), poor (0.60-0.70) or fail (0.50-0.60) (Vaidya et al., 2010 ). Youden's J statistic was calculated to evaluate the cut-off point that optimizes sensitivity and specificity as the maximum value (sensitivity + 1-specificity) at different exposure multiples (Schisterman et al., 2005) .
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017) .
Results
Concentration ranges tested in non-clinical assays
There was a wide exposure range for non-clinical studies relative to clinical exposures, ranging from less than 0.001× to more than 1 000 000× the free CRC. In general, concentrations tested in in vitro assays tended to be higher than the concentration achieved in TQT studies and covered an exposure range up to 1000× the CRC. In contrast, in vivo QTc assays were generally conducted at lower exposure multiples compared with in vitro assays and covered exposures up to 100× the CRC (Figure 2) . In a small number of studies (5, 0 and 17 for hERG, APD and in vivo QTc, respectively), the highest non-clinical concentration explored was below the CRC.
Figure 1
Example of the format for evaluating assay performance. Upper panel: for each drug, concentration-response data from the non-clinical assays and clinical TQT study were plotted as means ± SEM (non-clinical data) or confidence intervals (clinical data). The CRC (bold vertical line) was defined from the TQT study as either the highest free (unbound) maximum drug concentration (C max,free ) tested for TQT-negative drugs or the lowest C max,free showing QT prolongation for TQT-positive drugs. The CRC was set as the 1× multiple upon which all comparisons were made. Dotted vertical lines indicate multiples from the CRC. Rings around non-clinical data results indicate concentration multiples at which positive effects occurred. Rings around TQT study results indicate TQT-positive findings as defined by the FDA IRT. Lower panel: concordance was evaluated by comparing positive or negative results in non-clinical studies with the TQT study outcome based on free CRC multiples. The green colour code in the table signifies concordance with TQT study results, red indicates discordance and grey (NT) indicates concentrations below the CRC that were not tested.
Sensitivity, specificity and concordance analysis
Sensitivity, specificity and concordance values for the hERG, APD and in vivo QTc assays are illustrated in Figure 3 . Assay sensitivity was low (0-0.33) at lower multiples of the free CRC (1×-10×). Sensitivity increased (to 0.67-0.80) with higher exposure multiples for the hERG and in vivo QTc assays, while remaining consistently low (≤0.53) for the APD assay. In contrast, specificity of all assays was consistently high across all free CRC multiples, with highest values (0.89-1.0) at up to 30× multiples and slight decreases at higher multiples. The highest concordance of each individual non-clinical assay occurred at a 30× multiple of the free CRC.
Predictivity and optimal cut-off points Figure 4 compares the overall diagnostic accuracy for each preclinical assay using ROC curves across free CRC multiples. AUC values were greatest for the in vivo QTc assay (AUC = 0.75), lesser for the hERG assay (0.69) and minimal for the APD assay (0.55). Using Youden's index (J statistic), the optimum threshold for correctly categorizing TQT study results was achieved with 30×-100× and 30×-300× exposure multiples for the hERG and in vivo QTc assays, respectively, with corresponding J values for these thresholds of 0.42-0.44 and 0.48-0.51 respectively (see the Supporting Information Table S2 ). AUC and Youden's index values for the APD assay were low at all free CRC multiples consistent with poor assay performance. obtained for the hERG (6.25) and in vivo QTc (6.57) assays at the 30× exposure multiple, suggesting that drugs that elicit clinical QT prolongation are 6 times more likely to demonstrate hERG block or in vivo QTc prolongation (compared with drugs that do not elicit QT prolongation) at that exposure multiple. An LR+ of this magnitude suggests a positive hERG or in vivo QTc result causes a moderate increase on the post-test probability of clinical QT prolongation. Lower LR+ values were obtained at higher or lower exposure multiples, declining to values near 1 at higher multiples, thus providing minimal influence on post-test probabilities at supratherapeutic concentrations. In contrast, LR+ values for the APD assay were low across all exposure multiples, consistent with minimal utility in predicting clinical QTc prolongation (maximum LR+ of 2.95 at 10× multiple). This finding was further supported by the 95% confidence intervals that spanned the value of 1 at all exposure multiples for the APD assay.
Likelihood ratios
Meaningful LRÀ values were obtained for the hERG and in vivo QTc assays at exposure multiples >30×, while values for the APD assay were consistently near 1 thus failing to provide useful information. For the hERG assay, 95% confidence intervals for negative LRs did not include 1 (no utility) over the 10×-300× range of exposure multiples. However, the 95% confidence intervals for the APD and in vivo QTc assays overlapped a value of 1, consistent with minimum utility for LRÀ values with these assays. Thus, positive hERG and positive in vivo QTc assay results influence the likelihood of a positive clinical TQT study, a negative hERG assay influences the likelihood of a negative TQT study, whereas a negative in vivo QTc assay result has minimal influence.
Positive or negative findings from the APD assay have minimal influence on predicting clinical QT effects.
Negative and positive predictive values analysis
NPV values were consistent and comparable for all three nonclinical assays and moderately predictive (range 68-90%) across the full range of exposure multiples ( Figure 6A ), proving useful in predicting negative clinical TQT outcomes. In contrast, distinct differences in PPV values for the three assays were evident across CRC multiples ( Figure 6B ). The in vivo QTc assay proved superior in predicting clinical QTc prolongation at lower exposure multiples, with values declining below 73% as exposures multiples increased beyond 30×. PPV values for the hERG assay were minimal at lower exposure multiples (ranging from 0 to 62% at exposure multiples increased from 1× to 10×), increasing to a maximal 72% at the 30× multiples (a value approximately equal to the in vivo QTc assay), before declining at higher multiples. The APD assay had the lowest PPV values over the full range of multiple exposures, attaining a maximal value of 55% at a 10× exposure multiple. Thus, while negative findings in all three assays provided comparable value predicting no clinical QTc prolongation over a wide range of exposure multiples, Figure 4 ROC curves for non-clinical assays. The hERG and in vivo QTc assays provided the best overall performance for detecting TQT prolonging drugs (AUC values of 0.69 and 0.75), while the APD assay provided minimal overall utility (AUC = 0.55). Free CRC multiples ranging from 1× to 1000× (half log unit increments) are plotted for each assay, with 1× being the lowest point on the curves. Results were derived from data set summarized in Figure 3 , which indicates sample sizes. The line of identity (dashed diagonal line) represents no discriminatory value.
Figure 5
Positive (upper panel) and negative LRs (lower panel) compared for the three non-clinical assays across CRC multiples. A value of 1 (dashed lines) represents no influence on post-test probabilities for predicting clinical QTc prolongation and served as a threshold value for plotting data at low concentration multiples. The absent data points at lower exposure multiples for in vivo QTc assays represent indeterminate values due to zero values in the denominator. Error bars represent 95% confidence intervals. Results were derived from data set summarized in Figure 3 , which lists corresponding group sizes at each multiple for each assay.
Translating non-clinical studies to clinical TQT outcomes BJP only positive findings in the vivo QTc assay proved valuable in predicting clinical QTc prolongation over reasonable exposure multiples ranging from 1× to 30× CRC.
Discussion
This study assessed the ability of three widely used nonclinical cardiac repolarization assays (the in vitro hERG current and APD repolarization assays, as well as in vivo QTc assay) to provide information relevant to on clinical QT prolongation measured in rigorous TQT studies for a unique anonymized proprietary database of 150 drug candidates (43 TQT positive drugs and 107 TQT negative drugs) submitted to the FDA. These results demonstrate that the utility of each assay is dependent on the diagnostic or prognostic question addressed and drug concentrations tested relative to clinical exposures (see Table 1 below).
In this study, sensitivity and specificity describe the diagnostic ability of non-clinical assays to accurately discriminate between TQT study outcomes. Each non-clinical assay demonstrated robust specificity, but poor sensitivity, at low exposure multiples (<30× free exposure multiples), with sensitivity increasing at higher exposure multiples. High specificity reflects a low false-positive rate, which is useful for 'ruling in' clinical QTc prolongation. However, the low sensitivity observed over the same range of exposure multiples is consistent with a high false-negative rate and provides less confidence of 'ruling out' clinical QTc prolongation. The increased sensitivity, and somewhat reduced specificity, at higher exposures seen for the hERG assay is not unexpected as block of the I Kr current is more likely at supratherapeutic exposures for a channel described as 'promiscuous' based on numerous drug studies (Stansfeld et al., 2006) . The relative utility of each assay at different exposure multiples was categorized as low, mod and high defined based on the range of possible values for each performance metric. Exposure multiples (1×-10×, 30×-100× and 300×-1000×) refer to multiples of the CRC achieved in TQT studies. Mod, moderate.
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Based on the European Centre for the Validation of Alternative Methods criteria for defining the robustness of a model (Genschow et al., 2002) , the concordance of the hERG and in vivo QTc assays would be characterized as sufficient (>65%) and good (>75%) respectively. In contrast, concordance for the APD assay would be characterized as insufficient (<65%). Earlier studies (although limited in scope and typically using strongly positive or negative QT prolonging drugs) have confirmed overall good concordance between in vivo QTc assay results with clinical outcomes using conscious telemeterized dogs, mini pigs or monkeys (Ando et al., 2005 , Kano et al., 2005 , Miyazaki et al., 2005 , Sasaki et al., 2005 , Toyoshima et al., 2005 , Hanson et al., 2006 , Sivarajah et al., 2010 , Leishman et al., 2012 , Chain et al., 2013 Parkinson et al., 2013) .
The in vivo QTc assay had specificity values comparable with previous results from Wallis (2010) and Ewart et al. (2014) (1.0, 0.86 and 0.98, respectively) at clinically relevant exposures, consistent with a low false-positive rate with this assay. Similar to results from Ewart et al. (2014) , assay sensitivity in the present study was low at therapeutic exposures (0.14), with both results substantially lower than reported by Wallis (0.83; Wallis, 2010) . As in the present study, the data set from Ewart et al. (2014) was composed of a relatively large and arguably diverse data set from many different companies using different methods and interpretations of an effect, whereas the smaller data set from Wallis (2010) was from a single company using consistent methods and criteria for an effect. Further, most clinical QT-positive compounds reported by Wallis (2010) were acknowledged to be hERG-blocking agents, which was not the case for either Ewart et al. (2014) or the present study. The overall good concordance of in vivo QTc assays with TQT studies is not surprising due to electrophysiological similarities of hearts of larger mammals and humans and a common assay endpoint (QTc), reinforcing the importance of this non-clinical in vivo assay in drug development.
The overall diagnostic power of an assay is captured by ROC curves and characterized by AUC values. In general, AUC values >0.9 represent excellent accuracy, and values between 0.6 and 0.7 represent rather poor accuracies; values between 0.7 and 0.9 represent fair to good accuracies and are considered useful for some purposes and may still provide optimal criteria for decision making (Swets, 1988) . In the present study, AUC values were greatest for the in vivo QTc assay (0.75) and hERG assay (0.69) and lowest for the APD assay (0.55). In comparison, AUC values for the high sensitivity, point of care, cardiac troponin assays used to detect myocardial infarction range from 0.87 to 0.96 (Palamalai et al., 2013) , and AUC values for the preclinical renal injury biomarker Kim-1 for different nephrotoxicants range from 0.88 to 0.91 (Vaidya et al., 2010) . The relatively low overall AUC values for the hERG (0.69) and in vivo QTc (0.75) assays do not support their use as sole assays for predicting clinical QTc prolongation. However, their high specificity values at low to moderate exposure multiples (depicted graphically by the vertical configuration of the left portions of their ROC curves) demonstrate utility for ruling in clinical QTc prolongation over this range of exposures.
PPVs and NPVs are prognostic measures that describe the probability that a condition is present (or absent) when an assay result is positive (or negative). While NPV values for all assays were essentially constant (0.7-0.9) across all clinical exposure multiples, clear differences in PPV values were apparent at low exposure multiples, with the in vivo QTc assay provided robust PPVs (PPV = 1) at low CRC multiples (1×-10×). In contrast to the in vivo QTc assay, the hERG and APD assay provided minimal value to predicted clinical QTc prolongation low (1×-3×) exposure multiples.
It should be noted that PPVs and NPVs are strongly dependent on the true prevalence and that PPV values will be farther from one with lower prevalence despite high sensitivity and specificity. However, the prevalence for clinical QTc prolongation in this data set (29%) was not excessively low and somewhat surprising given the well-established industry practice of early screening with in vitro assays (Cavero, 2009 ). This prevalence rate may be due to some compounds entering clinical development prior to the implementation of ICH S7B guideline, uncertainty in translating potency of I Kr /hERG block to clinical QTc prolongation and the exquisite sensitivity of TQT studies to detect small QTc changes (less than 10 ms relative to baseline values of 400 ms).
Positive and negative LRs define the influence of positive and negative assay results on post-test probabilities. Values above 10 and below 0.1 are considered to provide strong evidence to rule in or rule out diagnoses (Deeks and Altman, 2004) , while values near 1 provide minimal to moderate influence on post-test probabilities (Jaeschke et al., 1994) . The hERG and in vivo QTc assays provided the highest LR+ ratios (values 6.25 and 6.57, respectively) at 30× CRC exposure multiples. Based on this result, a positive test result in the in vivo QTc assay within 30× CRC (LR+ = 6.57) would significantly change the pre-test probability of a positive TQT outcome from 0.29 to a post-test probability of 0.73 (calculated using the 0.29 prevalence of clinical QTc prolongation). Lower LRs (at exposures above or below 30×) result in less influence on post-test probabilities. Multi-tier contingency tables also demonstrated a moderate influence on positive LRs for the hERG assay on post-test probabilities for 1×-30× exposure multiples (Gintant, 2011) .
In contrast to hERG and in vivo QTc assays, low LRs for the APD assay suggest minimal overall influence on post-test probabilities. Similar results for APD assays have been reported with smaller datasets using canine Purkinje fibres (Hanson et al., 2006; Wallis, 2010) and guinea pig papillary muscles (Hayashi et al., 2005; Hashimoto, 2008) . This poor performance may reflect significant heterogeneity in drug responses based on different protocols and models used (see Limitations of assays below). Various in vitro cardiac APD models employing additional indices of repolarization (including triangulation of the APD, instability of the time course and duration of repolarization and APD alternans with rapid stimulation) (Hondeghem and Hoffmann, 2003 , Champeroux et al., 2005 , Redfern and Valentin, 2011 have proven useful in identifying drugs linked to proarrhythmia. By defining integrated electrophysiological responses, APD studies can identify the net effect of many drugs that unexpectedly affect several cardiac ionic currents (Martin et al., 2004; Kramer et al., 2013) . The utility of repolarization assays using standardized protocols and human stem cellderived cardiomyocytes to assess proarrhythmic risk is currently being evaluated as part of the Comprehensive Translating non-clinical studies to clinical TQT outcomes BJP in vitro Proarrhythmia Assay paradigm to improve preclinical cardiac safety testing (Sager et al., 2014; Gintant et al., 2016) .
Alignment of repolarization assays in drug discovery and development
It is important to identify and eliminate, wherever possible, safety hazards early during the drug discovery phases, e.g. during lead optimization (Bowes et al., 2012) , to ensure the best compounds move forward. Arguably, it is preferable to employ assays with high specificity (low false-positive detection rates) when selecting lead candidates, thereby allowing downstream efficacy studies along with safety screening efforts to proceed. While each non-clinical assay demonstrated high specificity (low false-positive rate) at low to moderate exposure multiples, the hERG assay is arguably the better early diagnostic test to employ based on practical considerations (including higher throughput and minimal compound requirements). However, the overall limited performance of this assay (ROC curves and LRs) is likely to reflect the inability of the single ionic current (I Kr ) to predict drug effects on repolarization involving many other ionic currents. Once a candidate has progressed further into nonclinical development, an assay with high PPV should be used as part of an integrated strategy balancing target-based efficacy with safety assessments. The in vivo QTc assay is well suited for this task, providing moderate utility based on sensitivity and LR. This assay typically also evaluates other valuable functional cardiovascular endpoints, such as heart rate and BP, along with pharmacokinetic data, clinical endpoints (electrolytes) and potential effects of metabolites from telemeterized animals (Hoffmann and Warner, 2006; Leishman et al., 2012) to support further progression of candidates.
Relation of clinical findings to product labelling and proarrhythmic risk
The prevalence of TQT positive drugs in this data set was 29% (43/150 drugs) with a mean (ΔΔ)QTc effect ranging from À2.9 to 38 ms. The data can be stratified based on the magnitude of effect size as follows: 17 drugs (mean <10 ms), 19 drugs (mean ≥10 and <20 ms) and 7 drugs (mean ≥20 ms). While no relationship between the magnitude of QTc prolongation in TQT studies and drug approval rates has been identified, the severity of safety warnings (warnings and precautions, contradictions and/or boxed warnings) on product labelling is related to QTc prolongation (Anonymous, 2011; Park et al., 2013) , demonstrating that drugs associated with QTc prolongation can be approved based on significant benefit and unmet medical need, such as oncology drugs, relative to delayed repolarization and TdP risk.
Limitations of assays
This study used results from rigorous clinical TQT studies as the 'gold standard' to compare with non-clinical findings submitted for regulatory consideration (and thus reflecting 'real-world' scenarios). QTc prolongation is well recognized as a biomarker for TdP proarrhythmia risk (Salvi et al., 2010; France and Pasqua, 2015) , and a link between delayed ventricular repolarization and TdP risk is well established for both congenital and drug-induced (or acquired) long QT syndromes. However, it is also well established that QTc prolongation is an imperfect surrogate marker of proarrhythmic risk (Anonymous, 2005a) . Questions remain regarding how proarrhythmic risk is influenced by the extent of QTc prolongation, morphological changes in the QT interval and many ionic mechanisms (beside hERG current) that may mediate and influence delayed ventricular repolarization.
A number of specific limitations regarding the data set and methods of analysis used should be considered. One important limitation were gaps noted in the data set; not all drugs were tested in each assay or over the same concentration multiples. Indeed, the range of test concentrations or free exposures achieved often did not reach 1×-100× multiples of the clinical values, with exposures for many in vivo studies not even attaining a 1× clinical multiple. Also, deficiencies resulting from smaller numbers of drugs populating different categories within contingency tables were noted despite the large number of drugs (n = 150) evaluated. Further, possible effects of active metabolites (which may differ in non-clinical vs. clinical studies) will not be captured in hERG or APD/repolarization assays.
It should be recognized that the IC 50 values used to describe potency of hERG current block represent a simplified assessment of drug effects and that the influence of experimental conditions, such as temperature, Hill coefficients used in defining potency and more detailed characterization, i.e., kinetics of block and drug trapping, were typically not considered (and often not available). Such information might have enhanced the performance of the hERG assay. It should also be recognized that this data set from investigational new drug/new drug application submissions to the FDA was very diverse, with numerous differences in the nonclinical studies used by sponsors. For example, differences in the contributions of repolarizing currents across species (guinea pig, rabbit and dog) and between tissue types (Purkinje, papillary muscles and whole perfused hearts), along with differences in protocols and uncertainty of drug concentrations (nominal vs. measured bath concentration) all likely contributed to the response heterogeneity and overall poor performance of the APD repolarization assay.
Animal studies are reported in compliance with the AR-RIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . While less heterogeneity might be expected in the in vivo QT assays, differences in animal species, study design (anaesthetized vs. conscious animal) and QT correction methods for heart rate changes all collectively contributed to response heterogeneity with this assay. We also relied on the sponsors' determination of positive versus negative responses for APD and in vivo QTc assays, which is likely to vary with experimental designs and between sponsors. Thus, while the present study provides an overall global assessment of the utility of popular non-clinical repolarization assays, it may not reflect the diagnostic or predictive capacity of a specific assay employing consistent methods.
Overall, there was also paucity of information regarding the quality of the non-clinical studies, such as positive controls, or possible influence of sex in most submitted assays. This highlights the need for greater standardization of experimental designs and analysis methods to minimize assay variability and the importance of model characterization with appropriate calibrating reference substances. All BJP E Park et al. studies utilized healthy tissues or animals without structural heart disease or altered repolarization that does not reflect increased proarrhythmic risks in some patients. While such factors affect the ability to translate findings of delayed repolarization and proarrhythmia to at risk populations, it does not affect the ability to alter delayed repolarization in healthy human subjects in typical TQT studies.
Conclusions
In conclusion, a comparison of the diagnostic and prognostic performance of three widely used non-clinical assays with QTc prolongation assessed with well-controlled clinical TQT study results for 150 drug candidates demonstrated good specificity (low false-positive rate) but relatively poor sensitivity (high false-negative rate) at low multiples of clinical concentrations. Moderate overall diagnostic utility for the hERG and in vivo QTc (but not APD) assays was demonstrated from ROC curves. Assay performance for the hERG and in vivo QTc assays was marginal to good based on LRs and predictive values, with the APD assay providing the least utility for assessing the potential for clinical delaying repolarization. The performance of all assays was strongly influenced by drug concentrations tested (placed in the context of clinical exposures). The hERG and in vivo QT repolarization assays provide greater value compared with the APD assay in guiding the selection of drug candidates devoid of clinical QTc prolongation. Wallis RM (2010) . Integrated risk assessment and predictive value to humans of non-clinical repolarization assays. Br J Pharmacol 159: 115-121.
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